Cubical Pb(Zr,Ti)O 3 (PZT) crystals (PZT cubes) were synthesized using a hydrothermal method at different synthesis temperatures from 140 to 220°C. 3 , and titanium (IV) bis(ammonium lactato)-dihydroxide. In this study, the effects of synthesis temperature on the shape, morphology, and crystallinity of PZT crystals were investigated. We successfully obtained PZT cubes possessing faceted structures without circular shaped PX-phase (Ti-rich PZT) at a synthesis temperature of 180°C; these PZT cubes consisted of perovskite phase without any non-ferroelectric pyrochlore phase. Precise analysis based on selected area electron diffraction and energy-dispersive X-ray spectroscopy revealed that PZT cube was a single crystal and the chemical composition of PZT cubes was closed to the nominal composition of the PZT precursor solution, respectively. PZT cubes with single perovskite phase could be synthesized at a lower temperature of 180°C by the hydrothermal method, compared with conventional methods such as solgel process and metal organic decomposition method. The piezoelectric properties were confirmed for single PZT cubes using the piezoresponse force microscopy mode of a scanning probe microscope.
Introduction
Lead zirconate titanate [Pb(Zr x Ti 1¹x )O 3 (PZT)] is a promising ferroelectric material with excellent dielectric and piezoelectric properties and are widely applied in nonvolatile memory, sensors, actuators, and generators.
1)4)
Many fabrication techniques, such as solgel process, metal organic decomposition (MOD), pulse laser deposition, metal organic chemical vapor deposition, and sputtering, have been developed for fabricating PZT films.
4)6)
Such conventional fabrication techniques require high crystallization temperatures above 600°C to obtain highquality PZT films with good ferroelectric properties and dielectric properties. 7) , 8) However, such high temperatures might cause the formation of cracks in the PZT films and inter-diffusion between substrate, electrode, and PZT film. 9) Recently, hydrothermal synthesis has attracted increased attention because it could produce complex inorganic oxide particles in supercritical state and/or sub-critical state. 10) Unlike conventional methods, hydrothermal synthesis could produce homogeneous and uniform nanosized particles with high purity and crystallinity, good stoichiometric control, and good yield without hightemperature treatment. 10)14) In the hydrothermal method, high-alkaline medium such as KOH or NaOH was commonly used as the mineralizer during the synthesis to dissolve the precursor source in the aqueous solution and to control the phase formation. 15 4 , with NaOH as the mineralizer. 13) Although different precursor sources to synthesize PZT particles have been reported, high concentrations of KOH or NaOH were used as the mineralizer. Tetramethylammonium hydroxide (TMAH) has been reported as a promising mineralizer for hydrothermal method because it can prevent the contamination by alkalis and/or halides. 17) , 18) There have been some reports on synthesis of cube-like PZT particles. However, few studies have been reported on the electrical properties of the PZT cubes.
In this study, PZT particles were synthesized by a hydrothermal method at different synthesis temperatures and the effects of synthesis temperature on the morphologies and crystallinity of PZT particles were investigated. The chemical composition, crystal structures, and piezoelectric properties were also characterized for cube-shaped PZT crystals (PZT cubes) synthesized at optimized temperature.
Experimental procedures
PZT particles were synthesized from Pb(CH 3 COO) 2 3 , and titanium(IV) bis(ammonium lactato)dihydroxide by hydrothermal method. The Zr/Ti molar ratio in the precursor solution was 52/48, which is known as the morphotropic phase boundary (MPB) composition. 15 molar equivalents of TMAH per molar concentration of PZT was added to the PZT solution as mineralizer. This aqueous solution and stirring bar were transferred to a Teflon vessel, and then sealed in a stainless-steel autoclave. The sealed autoclave was heated at different temperatures (140220°C) with stirring. After hydrothermal reaction for 24 h, the assynthesized PZT particles were rinsed twice using isopropyl alcohol, and then dried.
The microstructures and crystal structures of PZT particles were characterized using field-emission scanning electron microscopy (FE-SEM; JEOL JSM-6335FM, Japan) and transmission electron microscopy (TEM; FEI Tecnai Osiris, USA). The crystallinity of PZT particles was evaluated using X-ray diffraction (XRD; Rigaku SmartLab, Japan) with a Cu target. The chemical composition of PZT cubes was analyzed using energy-dispersive X-ray spectrometry (EDX) in scanning TEM mode. The lattice parameters of PZT cubes were calculated based on the selected area electron diffraction (SAED) patterns obtained by TEM. The piezoelectric properties of the single PZT cubes were characterized using the piezoresponse force microscopy (PFM) mode of a scanning probe microscope (SII Nanotechnology SPI 3800N and SPA400). A conductive cantilever coated with platinum silicide (Nanosensors, PtSi-FM) was used as the top electrode. The details of the measurement system were reported in our previous paper. 19) 3. Results and discussion Besides the acicular shape, the microstructures of this PX phase, such as wire-or rod-liked shape, were also reported in a previous paper. 23)25) Wang et al. reported that the maximum Zr/(Zr + Ti) ratio that can be produce a PX phase was ³15 at %; thus, PX phase appears for very small amounts of Zr in the PZT particles. 20) Upon increasing synthesis temperature from 140 to 180°C, such acicular PZT particles gradually decreased in amount and disappeared, and the better faceted PZT cubes were obtained at 180°C. Upon increasing the temperature further up to 220°C, the surface of PZT cubes became rough without any facet structure. Moreover, such large PZT cube particles combined with each other at 200°C. In the upper right corner of Fig. 1(e) , a rod-liked short particle is shown, believed to have grown from the acicular particles at relatively high temperatures and is a part of the rod particles corresponding to the PX phase. Figure 2 shows the XRD patterns of PZT particles synthesized at different temperatures from 140 to 220°C. For PZT particles synthesized at 140 and 220°C, several peaks attributed to the PX-phase (JCPDS 01-080-5488) were detected in the XRD pattern. This PX-phase was used to signify the non-perovskite phase because of similarity to the PX-phase of PbTiO 3 . 20) Although such peaks attributed to the PX-phase were not detected in XRD patterns for particles synthesized at 160°C, the acicular crystal corresponding to the PX-phase was observed [ Fig. 1(b) ]. Some amount of secondary phase comprising PbO 2 or For the conventional fabrication method, PZT films usually need high crystallization temperatures to obtain pure perovskite phase without any non-ferroelectric pyrochlore phase. Many researchers have reported fabrication procedures to obtain the single perovskite PZT phase. Meng et al. reported that PZT films (5 mol % Pb excess and Zr/Ti = 50/50 in PZT precursor solution) without a pyrochlore phase were obtained using rapid thermal annealing at 550 and 600°C as the final calcination step in the solgel process when the annealing temperature changed from 450 to 600°C. 26) Thomas et al. reported that PZT films (10 mol % PbO excess and Zr/Ti = 65/35 in PZT precursor solution) without a pyrochlore phase were obtained by annealing at 700 and 750°C as the final calcination step in the solgel process when the annealing temperature changed from 600 to 750°C. 27) Kim et al. reported that PZT films (50% Pb excess and Zr/Ti = 52/ 48 and in PZT target) without pyrochlore phase were obtained by radiofrequency magnetron sputtering at substrate temperature of 520°C upon changing the substrate temperature from 440 to 520°C. 28) Such high-temperature treatment was considered inevitable for eliminating the pyrochlore phase. However, in this study, PZT cubes with single perovskite phase and better faceted structure were successfully synthesized at a relatively low temperature of 180°C via a hydrothermal method. Unlike conventional techniques, the integration of PZT cubes on substrates under investigation does not require additional hightemperature annealing.
The distinction between (h00) and (00l) diffractions indicated the ferroelectricity. Teixeria et al. reported that PZT tetragonal phase was synthesized at 180°C by microwave-based hydrothermal method using PZT solution with Zr/Ti = 52/48. 29) Xu et al. reported that the PZT powder synthesized via hydrothermal method at 200°C using PZT solution with Zr/Ti = 52/48 had a pure tetragonal perovskite structure. 30) Based on XRD studies on synthesized PZT particles, several researchers have reported that PZT particles synthesized by hydrothermal method, using a precursor solution with Zr/Ti = 52/48, have a tetragonal structure. These results are in agreement with our study. If the synthesized PZT particles had rhombohedral structure, the (200) peak with high diffraction intensity, attributed to the rhombohedral phase, could be detected between the (002) and (200) peaks in Fig. 2 . 31) In this study, although the split between the (002) and (200) peaks in the XRD pattern for PZT cube synthesized at 180°C was not perfect (Fig. 2) ; PZT cubes synthesized at 180°C consist mainly of tetragonal structure. Figure 3 shows the TEM images and the SAED pattern of PZT cube synthesized at 180°C. The high-resolution transmission electron microscope (HR-TEM) image of PZT cube [ Fig. 3(a) ] shows that the PZT cube has sharp edges. From Fig. 3(b) , the size of this cube was estimated to ³1¯m. However, the size of each cube was not uniform as shown in Fig. 1. Figure 3(c) shows the diffraction pattern along the [001] zone axis, assumed from the lattice spacing of the diffraction pattern, in the selected area encircled by a solid line in Fig. 3(b) . PZT cubes had high crystallinity and such simple spot pattern implies that PZT cube was a single crystal. Some PZT cubes have single domain structures while others have multi-domain structures. For PZT cube with multi-domain structure, SAED pattern of the whole cube shows divided spots due to twins, defects, or lattice strain in single PZT cube. However, we confirmed that two regions at the dislocation boundary in PZT cube each had a single domain and showed simple spot patterns as shown in Fig. 3(c) . The lattice parameter a of PZT cube was calculated to be 3.994.02 ¡ from the SAED patterns. On the other hand, the lattice parameter c could not be calculated from the SAED patterns because we assumed that the SAED patterns [ Fig. 3(c) ] were observed from the [001] zone axis. The lattice parameters a and c calculated from the XRD pattern (Fig. 2) for PZT particles synthesized at 180°C were 4.01 and 4.14 ¡, respectively; thus, the lattice parameter a calculated from the SAED pattern was in agreement with that calculated from the XRD pattern. Figure 4 shows elemental mapping images obtained using EDX of PZT cube-derived rectangular-faceted particles synthesized at 180°C. Pb, Zr, Ti, and O mapping images are shown in Figs. 4(b) 4(e), respectively. Since there seems to be two regions with different morphologies in a single PZT faceted particle [ Fig. 4(a) ], the chemical composition of these two regions (I and II) were calculated from these elemental mapping images. Non-uniform and uniform surface morphology could be observed in regions I and II, respectively. The atomic concentration and the normalized ratio with respect to Pb are summarized in Table 1 . The normalized ratios of Pb, Zr, and Ti show that the Zr/Ti ratio was close to the required nominal composition in the PZT precursor solution, while there might some minor variation in composition for some region in the cube and in each cube. However, the calculated atomic concentration was not in agreement with the composition formula of PZT. The atomic concentration of oxygen cannot be easily determined using EDX analysis because the peak intensities for light elements like oxygen are low, and thus, cannot be detected accurately. A precise chemical analysis should be performed in the near future. Figure 5 shows piezoelectric hysteresis loops of PZT cube synthesized at 180°C. Three hysteresis loops were obtained for three different cubes. There is a variation in the piezoelectric characteristics due to the non-uniformity of the cube in terms of size and shape. However, the existence of piezoelectricity was confirmed for each single cube using the cantilever with a high force constant as the electrode.
Conclusions
Cube-shaped PZT crystals (PZT cubes) with single perovskite phase were synthesized by hydrothermal method at lower temperatures (180 and 200°C) than conventional methods such as solgel process and MOD process. In particular, PZT cubes synthesized at 180°C had better faceted structures without acicular crystals corresponding to the non-perovskite PX phase. PZT cubes have high crystallinity and the lattice parameter a was calculated to be 3.994.02 ¡ from the SAED pattern obtained by HR-TEM observation. On the other hand, the lattice parameters a and c calculated from the XRD pattern of PZT particles synthesized at 180°C were 4.01 and 4.14 ¡, respectively. Thus, the lattice parameter a calculated from SAED pattern was in agreement with that calculated from the XRD pattern. HR-TEM studies also revealed that PZT cubes have both single-domain and multi-domain structures, though the two regions at the dislocation boundary in PZT cube with multi-domain structure had single domains. EDX analysis revealed that the chemical composition of synthesized PZT cubes was close to the nominal composition of Zr/Ti = 52/48 in PZT precursor solution.
In this study, we succeeded in the controlling the composition of PZT cubes during the synthesis at 180°C. For single PZT cubes, piezoelectric properties were confirmed by a PFM measurement system using a cantilever as the electrode.
